The aim of the present work is to show that, contrary to popular belief, galaxy clusters are not expected to be self-similar, even when the only energy sources available are gravity and shock-wave heating. In particular, we investigate the scaling relations between mass, luminosity and temperature of galaxy groups and clusters in the absence of radiative processes. Theoretical expectations are derived from a polytropic model of the intracluster medium and compared with the results of high-resolution adiabatic gasdynamical simulations. It is shown that, in addition to the well-known relation between the mass and concentration of the dark matter halo, the effective polytropic index of the gas also varies systematically with cluster mass, and therefore neither the dark matter nor the gas profiles are exactly self-similar. It is remarkable, though, that the effects of concentration and polytropic index tend to cancel each other, leading to scaling relations whose logarithmic slopes roughly match the predictions of the most basic self-similar models. We provide a phenomenological fit to the relation between polytropic index and concentration, as well as a self-consistent scheme to derive the non-linear scaling relations expected for any cosmology and the best-fit normalizations of the M-T, L-T and F-T relations appropriate for a ΛCDM universe. The predicted scaling relations reproduce observational data reasonably well for massive clusters, where the effects of cooling and star formation are expected to play a minor role.
INTRODUCTION
The physics of massive galaxy clusters is relatively simple, at least compared to that of smaller objects. In the standard cold dark matter (CDM) scenario, their mass is dominated by the dark component, while most baryons are in the form of a hot diffuse plasma in hydrostatic equilibrium with the gravitational potential created by the CDM halo. The intracluster medium (ICM) gas is shock-heated to approximately the virial temperature of the object, and its thermal bremsstrahlung emission has been detected by X-ray satellites for the last three decades. In the absence of any other process, it is often stated that galaxy clusters are expected to be self-similar, and their global properties should obey power-law scaling relations.
As long as the shape of a cluster's potential does not depend systematically on its mass, the radial structure of the ICM ought to be scale-free, and the global properties of galaxy clusters, such as halo mass, emission-weighted temperature, or X-ray luminosity, would scale self-similarly (Kaiser 1986 ). Indeed, numerical simulations that include ⋆ E-mail: yago@aip.de adiabatic gasdynamics are reported to produce clusters of galaxies that obey such scaling laws (e.g. Navarro et al. 1995; Evrard et al. 1996; Bryan & Norman 1998; Eke et al. 1998) .
In real clusters, deviations from self-similarity are expected to arise from merging (e.g. and additional physics acting on the intracluster gas (see e.g. Tozzi & Norman 2001; Babul et al. 2002; Voit et al. 2002, and references therein) . Radiative cooling and energy injection by supernova and/or active galactic nuclei (AGN) may be particularly relevant for low-mass systems, where they can make a significant contribution to the total energy budget.
Observations seem to corroborate that the self-similar picture is indeed too simplistic, and it fails to predict the observed scalings of cluster mass and luminosity with respect to the ICM gas temperature.
Although some observational studies (e.g. Horner et al. 1999 ; Neumann & Arnaud 1999; Allen et al. 2001 ) are consistent with the self-similar expectation, M ∝ T 1.5 , the observed mass-temperature relation has often been found to be steeper (e.g. Sanderson et al. 2003) , particularly in the group regime (e.g. Nevalainen et al. 2000; Finoguenov et al. 2001; Xu et al. 2001; Arnaud et al. 2005) . It has also been noted (Ettori et al. 2002) that the slope of the M − T relation might depend on the limiting overdensity. Regarding the normalization, the reported value is in most cases ∼ 40 per cent lower than in numerical simulations, although there is a certain degeneracy with the precise value of the slope.
On the other hand, it has been known since the first generation of X-ray satellites (e.g. Edge & Stewart 1991; David et al. 1993 ) that the slope of the luminositytemperature relation, α ∼ 3, is significantly steeper than the self-similar value, α = 2 (although the exact value varies for a limited energy band). It has been shown (e.g. Allen & Fabian 1998; Markevitch et al. 1998; Arnaud & Evrard 1999 ) that the scatter in the L − T relation is significantly reduced, and the discrepancy is somewhat less severe, when cooling flows are excised or samples with only weak cooling cores are considered. Actually, it has been recently claimed (O'Hara et al. 2005 ) that cool core related phenomena, and not merging processes, are the primary contributor to the scatter in all the scaling relations.
Observational data have thus motivated significant efforts attempting to build a physical model of the ICM that breaks self-similarity, either by removing low-entropy gas from the centres of clusters via radiative cooling (Bryan 2000) or by introducing non-gravitational heating (Evrard & Henry 1991; Kaiser 1991) . In both cases, the 'excess' entropy produces a flattening of the density profile that brings the X-ray properties of the modelled clusters in agreement with the observed scaling relations (see e.g. Voit et al. 2003; Borgani et al. 2004 , and references therein). Nevertheless, the source and precise amount of heating and cooling required are still a matter of debate. Recent observations (e.g. Ponman et al. 2003) suggest that the shape of the entropy profile is similar in groups and clusters of galaxies, which rules out the simplest scenarios.
In this paper, we claim that dark matter haloes are not exactly self-similar, and therefore both the cluster's potential and the properties of the ICM gas do indeed depend on the total mass (or temperature) of the object. In particular, there is no compelling reason to expect that the scaling relations between any two physical properties, integrated up to a given overdensity, should obey a power law, even in the purely gravitational case.
We present a theoretical prediction of these relations based on a polytropic model of the ICM, and compare it with a set of high-resolution adiabatic gasdynamical simulations. It will be shown that self-similar models implicitly assume that all clusters have the same concentration and polytropic index. Relaxing these hypotheses yields the scaling relations derived in Section 2, which we compare with the results of numerical experiments in Section 3. Observational implications are discussed in Section 4, and Section 5 summarizes our main conclusions.
THEORETICAL MODEL
As shown by Ascasibar et al. (2003) , relaxed clusters and minor mergers found in adiabatic gasdynamical simulations can be considered to be in approximate thermally-supported hydrostatic equilibrium up to ∼ 0.8r200. Furthermore, the ICM gas is fairly well described by a polytropic equation of state with an effective polytropic index γ ≃ 1.18. Using the phenomenological formula proposed by Navarro et al. (1997, hereafter NFW) to model the density profile of the dark matter halo, ρ(r) = ρs (r/rs)(1 + r/rs) 2 ,
the gas temperature is given by
where the central temperature,
is set by the boundary condition that the ICM density and temperature vanish at infinity. The gas density profile can be computed from the polytropic relation
where the central gas density, ρ0(γ), can be constrained by normalizing the baryon fraction to match the cosmic value at
This analytic prescription is simpler than the one proposed in Ascasibar et al. (2003) , and it provides better results for extreme values of the polytropic index γ. The choice x b ∼ 3 is somewhat arbitrary, and in principle one could leave the normalization of the gas density as a free parameter of the model. We consider, though, that it is desirable to reduce the number of free parameters as much as possible. In fact, the very existence of relatively tight scaling relations suggests that real galaxy clusters can indeed be described by only one free parameter, which could be taken to be the mass of the halo. Once x b is set, our model still has three parameters, two of them related to the dark matter halo (the characteristic density and radius, ρs and rs) and one related to the intracluster gas (the effective polytropic index γ). The first two are known to be correlated (Navarro et al. 1997; Bullock et al. 2001; Eke et al. 2001) , and we propose a phenomenological relation between polytropic index and concentration in Section 3 below.
It is important to note, though, that the fact that clusters could be described by a one-parameter family of functions would give rise to universal scaling relations both for their radial profiles as well as for their global (integrated or averaged) physical properties. However, it does not imply that such relations ought to be self-similar in any sense. The precise functional form of the different scalings would be specified by the two independent relations between ρs, rs and γ.
In the present work, we are interested in the scaling relations between several quantities, integrated up to the radius r∆ encompassing an overdensity ∆ with respect to the critical density, i.e.
where ρc ≡ 
and
Let us define the function
which must be integrated numerically. In terms of this function, we can express in a very compact form both the cumulative gas mass,
and mass-weighted temperature,
Assuming that thermal bremsstrahlung is the dominant cooling mechanism, the X-ray power radiated by the ICM gas per unit volume may be estimated as
where e, me and ne are the electron charge, mass and number density, respectively. ǫ0 is the permittivity of free space, k is Boltzmann's constant, c is the speed of light andḡ is the average Gaunt factor, which we take to be unity. The sum takes into account the atomic number Zi and number density ni of each ion species i. For a fully-ionized plasma of primordial composition (∼ 75 per cent of the mass in hydrogen and 25 per cent in helium),
Integrating up to r∆, the bolometric X-ray luminosity would be
with ΛX ≃ 2 × 10 17 erg s
2 , while the emission-weighted temperature is given by
Combining equations (3), (7), (8) and (15), simple algebra yields the mass-temperature relation
where
Analogously, expressions (7) and (10) tell us that the cumulative baryon fraction does not depend explicitly on the object mass or temperature,
Finally, the luminosity-temperature relation can be expressed in the form
with
according to (3), (8), (14) and (15).
SIMULATIONS
For constant values of the polytropic index and concentration, equations (16), (18) and (19) become the well-known self-similar scalings, with logarithmic slopes 3/2, 0 and 2, respectively. The precise 'universal' values of γ and c∆ would simply set the normalization. However, both quantities might well depend systematically on the mass of the object. We address such dependence in the present section, where we also compute the expected scaling relations and compare them to our numerical data.
Numerical experiments
Our cluster sample consists of 42 objects formed in a flat ΛCDM universe (Ωm = 0.3; Ω b = 0.04; ΩΛ = 0.7; h = 0.7; σ8 = 0.9). 28 of them have been extracted from a 80 h −1 Mpc cubic box simulated with a version of the parallel Tree-SPH code Gadget (Springel et al. 2001 ) that implements the entropy-conserving scheme proposed by Springel & Hernquist (2002) . For a thorough description of these experiments, the reader is referred to Ascasibar (2003) . In order to extend our numerical sample of clusters to a wider temperature (mass) range, we have also simulated a 500 h −1 Mpc box with the code Gadget2 (Springel 2005) , from which we have considered 14 objects. Details about these simulations can be found in Yepes et al. (2004) .
In each case, high resolution has been achieved by means of the multiple-mass technique (see Klypin et al. 2001 ). An unconstrained random realization of the ΛCDM power spectrum was generated with 1024 3 and 2048 3 particles for the 80 and 500 h −1 Mpc boxes, respectively. Haloes were selected at z = 0 from a low-resolution experiment evolved with 128 3 dark matter particles, and then re-simulated with three and five levels of mass refinement (so that the final mass resolution of both subsamples is similar). The gravitational softening length was set to ǫ = 2−5 h −1 kpc, depending on number of dark matter particles within the virial radius of the object (following Power et al. 2003) . Gas particles have only been added in the highest refinement level.
Basic information about the objects in our numerical cluster sample is summarized in Table 1 . They span two orders of magnitude in mass (∼ 10 13 − 10 15 M⊙) and cover a temperature range between 0.5 and 11 keV. The total number of gas particles within the virial radius is always Ngas 2 × 10 4 , the number of dark matter particles being slightly higher (inversely proportional to the cumulative baryon fraction, F ).
For each object, the centre of mass was found by an iterative procedure. Starting with an initial guess, we compute the centre of mass within a sphere of 500 h −1 kpc. The sphere is moved to the new centre until convergence is reached. The radius of the sphere is then decreased by 10 per cent, and the process continues until the sphere contains 200 dark matter particles. The radii r2500, r500 and r200 are obtained from the overdensity profile around the final centre of mass. The total mass, baryon fraction, X-ray luminosity and emission-weighted temperature quoted in Table 1 have been computed within those radii.
Concentration and polytropic index
The values of the parameters c∆ and γ have been computed by means of a global fit to the gas density, dark matter density, total mass and effective polytropic index (i.e. gas temperature versus gas density) profiles, averaged over logarithmically-spaced spherical shells between 0.1r200 and r200. More precisely, we minimize the quantity
where 
and x denotes the number of particles within each bin, n(b), the total enclosed mass, M (b), the average temperature within the bin,
Ti/n(b), and the quantity
A grid of analytical profiles is generated for the intervals 1.1 < γ < 1.25 and 10 < rs/(h −1 kpc) < 1000, in uniform steps ∆γ = 0.001 and ∆rs = 1 h −1 kpc. Since all the measured quantities are proportional to the characteristic density ρs, its best-fitting value has been trivially found from the average of the logarithmic residuals.
Results of the minimization procedure are quoted in Table 1 , and best-fitting concentrations and effective polytropic indices are plotted in Figure 1 . Solid lines depict the toy model for the mass-concentration relation proposed by Bullock et al. (2001) 1 , with F = 0.001 and K = 3. We transform the values of cvir ≃ c100 to the other overdensities according to the NFW profile. Dotted lines show the one-sigma scatter ∆cvir/cvir ≃ 0.3 reported by Colín et al. (2004) for relaxed systems. Finally, we find that the phenomenological relation
with a = 1.145 ± 0.007 and b = 0.005 ± 0.002 fits reasonably well our results for the polytropic index (although there exists a certain degeneracy between the best-fitting values of both parameters). Dotted lines show the one-sigma scatter in γ(c) expected from ∆cvir. A correlation between γ and c is expected if both quantities (and therefore the radial structure of the ICM) vary smoothly with the mass of the object. In fact, an approximately linear dependence has already been advocated by Komatsu & Seljak (2001) in order to enforce constant baryon fraction at large radii. Their fit (dashed lines in Figure 1) is however significantly steeper than equation (23). Although it works somewhat better for large c, it does not seem to adequately describe the least concentrated systems, suggesting that, most probably, the precise functional form of γ(c) is not as simple as a straight line. We therefore advise against extrapolating our fit towards values of the concentration parameter outside the range covered by the present work. Moreover, additional physics is expected to play an important role in less massive (more concentrated) systems, and therefore the polytropic approximation itself will no longer to be valid, since it fails to describe the presence of a central cool core.
Some of our objects deviate appreciably from both the mass-concentration relation and the γ − c relation given by expression (23). These tend to be merging systems, which have formed (or are forming) more recently than relaxed objects. In the spherical collapse picture, that means they have collapsed around density peaks on larger scales, and therefore the resulting density profiles are less concentrated than relaxed haloes of the same mass . As noted by Gottlöber et al. (2001) , merging is more common on the scale of galaxy groups. The effective polytropic index seems to be systematically higher in these objects, although it is important to bear in mind that they are not particularly well described by a polytropic equation of state. Actually, the gas distribution shows obvious asymmetries, as well as an offset between the gas and dark matter peak which results in an artificially flat gas density profile in the central regions. Such flattening is responsible for both the abnormally low baryon fraction measured at ∆ = 2500 and the unusually high value of γ obtained by our fitting routine.
Scaling relations
The scaling relations of total mass, baryon fraction and Xray luminosity with respect to the emission-weighted temperature are represented in Figure 2 , divided by the appropriate values of the structure factors YMT, F∆ and YLX corresponding to each object. These are computed by substituting the best-fitting values of γ and c∆ into expressions (17), (18) and (20).
As shown by Ascasibar et al. (2003) , polytropic models provide a fairly accurate description of the radial structure of galaxy groups and clusters. It is therefore not surprising that they are able to match the scaling relations as well. When the factors YMT, F∆ and YLX are taken into account, both the normalization and the logarithmic slope (equal to the self-similar models) of the scaling relations are correctly predicted by equations (16), (18) and (19). The scatter around the theoretical expectation is quite low, and only merging systems deviate appreciably from the predicted relation. In these objects, the dark matter potential may differ considerably from the NFW form, and the assumptions of hydrostatic equilibrium and a polytropic equation of state provide rather poor approximations .
Uncorrected scaling relations are plotted in Figure 3 . Solid lines show our theoretical prediction, using the massconcentration relation from Bullock et al. (2001) and our fit (23) to estimate c∆ and γ as a function of the cluster mass. It turns out that the dependencies on concentration and polytropic index seem to cancel each other so that the resulting scaling relations look as if the clusters were actually selfsimilar. Indeed, all the relations considered in the present study can be accurately fit by an 'average' concentration cvir = 8 (which implies c200 ≃ 6, c500 ≃ 4, c2500 ≃ 1.8 and γ ≃ 1.176). The corresponding scaling relations, 
have been plotted as dashed lines, and their normalizations are given in Table 2 .
It is to some extent remarkable that concentration and polytropic index conspire to produce scaling relations that match so closely the self-similar slope. Such effect is illustrated more clearly in Figure 4 , where the contributions of γ and c to the scaling relations are plotted separately.
The value of the concentration sets the ratio between the radii r∆ and the characteristic radius rs. Since massive objects are substantially less concentrated than smaller systems, their r∆ are much closer to the centre in terms of rs, and thus the mass within a given overdensity (which is an increasing function of r/rs) will be smaller than indicated by the 'average' scaling relation based on a higher value of cvir. Conversely, M∆ in the least massive objects would be biased high with respect to the self-similar relation. The effect is particularly noticeable for ∆ = 2500, where r∆ ≪ rs and the enclosed mass is a rapidly increasing function of r/rs; for r > rs, it increases only logarithmically, and differences in r∆/rs are much less important.
The emission-weighted temperature decreases with r/rs, and therefore it is expected to be biased high (low) for large (small) systems. However, the effect is arguably small, since the average is biased towards the central part, where the gas temperature is roughly constant. As shown by the dotted lines on the top panels of Figure 4 , the net result is a shallower mass-temperature relation at ∆ = 2500, while no significant change can be appreciated at lower overdensities.
The baryon fraction and the X-ray luminosity are steep functions of r/rs, and hence more sensitive to the precise value of cvir. The effect on these quantities is also stronger at large overdensities, but unlike the M −T relation, the systematic variation of concentration would yield a noticeable imprint on the F − T and L − T relations at ∆ = 200.
On the other hand, the effective polytropic index controls the slope of the gas density profile. According to (23), larger masses, which imply lower concentrations, also mean lower effective polytropic index. The gas density profile becomes increasingly steep, which boosts the central baryon fraction and the X-ray luminosity, increasing the emissionweighted temperature only slightly and leaving the the total mass mostly unaffected. Given the small variation of the polytropic index throughout the interesting mass range, the effect is never larger than a factor of two, comparable to or smaller than that of the concentration, but it always acts in the opposite sense.
Finally, we would also like to note that, apart from the normalization, our model can estimate the scatter around the average scaling relations by assuming that it arises completely from the scatter in the mass-concentration relation. Such estimate, indicated by the dotted lines in Figure 3 , has been obtained by combining the value c ′ = 1.3cvir with the effective polytropic index γ ′ = γ(cvir/1.3), and c ′′ = cvir/1.3 with γ ′′ = γ(1.3cvir), where in both cases γ(c) has been computed according to equation (23). Comparing to Figure 2 , it seems that the internal structure of clusters (accounted for by the factors YMT, F∆ and YLX) is indeed responsible for a significant fraction of the scatter in the observed scaling relations, as recently suggested by O'Hara et al. (2005) . Note, however, that in our case the differences in internal structure are obviously not related to the presence of a cool core or the action of any external source of energy, but rather to the different formation histories of each object.
Comparison with previous work
The mass-temperature relation in the absence of radiative processes has been extensively studied by means of cosmological numerical simulations. A summary of previous results is given in Table 3 . Slopes consistent with 3/2 are found in most studies, with normalizations showing a relatively low scatter around M ∆ 0 ∼ (7 − 8) × 10 14 h −1 M⊙. Similar results are obtained when cooling and stellar feedback are considered (e.g. Borgani et al. 2004) , although there is a trend towards steeper slopes and lower normalizations, in better agreement with observational data.
The M − T relation predicted by our model (see Table 2 ) is also considerably lower than the values found in previous experiments based on purely adiabatic gasdynamics. We think that this is to a great extent a resolution effect, coupled to the use of an entropy-conserving scheme to solve the SPH equations.
Most if not all of the earlier work on the adiabatic scaling relations of galaxy clusters relied on the traditional formulation of SPH (Lucy 1977; Gingold & Monaghan 1977) . It has been recently shown (e.g. Springel & Hernquist 2002; Ascasibar et al. 2003; O'Shea et al. 2005 ) that poor entropy conservation leads to spurious entropy losses in the cluster cores, and thus previous codes tend to systematically overestimate the central density and underestimate the central gas temperature.
On the other hand, lack of resolution results in artificially flattened density and temperature profiles, i.e. nearly isothermal and isentropic cores. Actually, some studies (e.g. port decreasing temperature profiles towards the centre. This is in strong disagreement with our results, as well as with those of independent numerical work based on highresolution Eulerian simulations (e.g. Loken et al. 2002) , in which the temperature profile in the absence of radiative processes is also found to decrease monotonically with radius. Under such conditions, the emission-weighted temperature (which is biased towards the central, dense and Xray bright regions of the cluster) is larger than the massweighted average, and thus the resulting normalization of M − T relation becomes considerably lower when TX is used and the central parts of the objects under study are well resolved.
Concerning the LX − TX relation, there is relatively little numerical work based on adiabatic gasdynamical simulations. This is also a reflection of the stringent resolution requirements, due to the fact that a significant fraction of the X-ray photons are expected to be produced in the innermost regions. A further problem affecting cosmological numerical experiments is that the smallest objects are typically resolved with less particles, so their bolometric X-ray luminosity is underestimated and the resulting L − T relation is artificially steepened (see e.g. Bryan & Norman 1998; Yoshikawa et al. 2000; Yepes et al. 2004) . Most of our objects (see Table 1 ) have more than 10 5 gas particles, and in principle they should not be severely affected by this problem (see e.g. Borgani et al. 2002 Borgani et al. , 2005 . Nevertheless, it is always wise to bear this consideration in mind when drawing conclusions from numerical data. Table 4 shows several fits to the adiabatic L−T relation reported in the literature. The normalizations are in this case broadly consistent with our results (Table 2 ), although the scatter between different estimates is extremely large. This is not entirely unexpected, given the sensitivity of the X-ray luminosity to the details of the gas density profile in the central regions.
Finally, the baryonic content of galaxy clusters has been recently investigated by Kravtsov et al. (2005) . For their adiabatic simulations, they find F2500 = 0.85 ± 0.08 and F500 = 0.94 ± 0.03 in units of the cosmic value. As noted by these authors, the baryon fractions obtained with the Eulerian code ART (Kravtsov et al. 2002) are systematically less concentrated than those obtained with Gadget, even when entropy conservation is enforced, but nevertheless the cumulative baryon fractions beyond r2500 are about about 3 − 5 per cent higher. Since the results of Kravtsov et al. (2005) are based on a subset of the cluster sample studied here, the interested reader is referred to that paper for an extensive comparison between both codes.
Our results are also compatible with the baryon fraction measured by Ettori et al. (2006) in their non-radiative runs, when the standard implementation of the artificial SPH viscosity is used. As pointed out by these authors, it is interesting how an improved scheme may lower the baryon fraction in the innermost regions by about 15 per cent. Although not dramatic, it seems clear that the details of the numerical technique do have a measurable impact on the predicted radial profiles near the centre, as well as on the scaling relations at high overdensities. These relatively small discrepancies between different algorithms should nevertheless be considered as part of the theoretical uncertainty.
OBSERVATIONS
It is the aim of the present work to provide a sound theoretical prediction of the cluster scaling relations when only gravity, adiabatic gasdynamics and shock-wave heating act on the intracluster medium. In real life, additional physical processes, such as radiative cooling, energy injection by stars and AGN or thermal conduction, may play an important role or even determine the exact form of the scaling relations. However, the influence of all these phenomena outside the central regions is expected to be relatively small when compared to shock heating, especially for the most massive systems.
Therefore, one may expect a priori that the adiabatic scaling relations roughly match the observed ones. Departures would measure the effect of additional physics, and in principle should be more noticeable at high overdensities and for low-temperature systems.
Our predictions for the adiabatic case are compared with observational data in Figure 5 . We find a fairly good agreement, both in shape and, to some extent, scatter, with the observed M − T relation at different overdensities. Only the dataset from Piffaretti et al. (2005) is not well described by our model. From visual inspection of Figure 5 , though, it seems that the dark matter masses inferred for some of these systems are lower not only than our results but also than the other observations.
On the other hand, the luminosity-temperature relation observed for galaxy clusters is roughly consistent with our theoretical prediction, but the slope is appreciably steeper. As one approaches the group regime, real systems can be one order of magnitude less bright than the model. The Xray luminosity is much more sensitive to the details of the central parts than the total mass or the emission-weighted temperature, and thus it is not surprising that the L − T relation deviates from the adiabatic prediction more significantly than the mass-temperature relation.
The lower X-ray emissivity seems to be intimately connected to the shape of the gas density profile. Our models correctly predict that the baryon fraction should be an increasing function of radius, and such a trend is clearly consistent with the observational data. However, they also predict that, at a given overdensity, the baryon fraction should be roughly independent on cluster mass. This is blatantly at odds with observations. As noted by Vikhlinin et al. (2005) , the conversion of gas into stars is a crucial factor that should be taken into account. Actually, it would be very interesting to measure whether it could completely explain the observed central baryon depletion on its own, or by the contrary some other physical mechanism (e.g. heating) must be invoked in order to explain the observed density and temperature profiles (see e.g. Borgani et al. 2005 , for a recent discussion on this issue).
In any case, radiative processes must obviously affect the physical properties of real clusters to some extent. As recently shown by O'Hara et al. (2005) , the scaling relations of clusters with and without a cool core are clearly offset from each other, and the observed scatter can be significantly reduced by introducing the peak strength (characterized by the central X-ray surface brightness) as an additional parameter.
Although such a parameter would measure a mixture between the intensity of cooling and the internal structure of the halo, a visual comparison between the simulation results plotted in Figure 3 and the observational data shown in Figure 5 suggests that observed systems display a somewhat larger scatter than our simulated clusters, which points in the direction that both processes may have a comparable contribution to the total scatter. Measurement errors, most notably for cluster mass estimates, also contribute to the scatter in the observed scaling relations, although they have been reported to be relatively small compared to the intrinsic scatter (O'Hara et al. 2005) . We have also neglected redshift evolution, which can modify the observed masses and luminosities by a factor H(z)/H0, which for a ΛCDM universe amounts to about 40 per cent at z = 0.2. A rigorous statistical analysis (and a larger dataset) would be required in order to make a quantitative assessment.
CONCLUSIONS
In this paper, the scaling relations between gas and dark matter mass, X-ray luminosity and emission-weighted temperature of galaxy groups and clusters have been investigated from a theoretical point of view. As a starting point, we have considered a relatively simple case in which the influence of radiative processes on the observable properties of the ICM gas has been completely neglected. Our estimates of the adiabatic scaling relations have been computed from the polytropic models described in Ascasibar et al. (2003) , based on the results of high-resolution gasdynamical simulations.
Our main conclusions can be summarized as follows:
(i) Dark matter haloes are well known not to scale selfsimilarly, but according to a certain mass-concentration relation. We find that the effective polytropic index of the gas also varies systematically with mass, and propose the phenomenological fit γ = 1.145 + 0.005 c200, equation (23), to model the dependence of γ on the concentration c of the dark matter halo.
(ii) Given c(M ) and γ(c), the whole structure of the ICM is fully specified by our model. It turns out that the effects of the varying polytropic index and concentration tend to cancel out at all overdensities, yielding scaling relations that are well described by simple power laws whose exponents coincide with the self-similar prediction, and whose normalizations are well fitted by a 'typical' cvir ≃ 8.
(iii) Our model provides an excellent match to numerical data. The normalization of the M-T relation is significantly lower than previous values reported in the literature, which we attribute to a resolution effect. The scaling of the baryon fraction and the L − T relation are broadly consistent with independent numerical work.
(iv) Additional physics (most notably, radiative cooling and star formation) has an important effect on the density and temperature profiles of real clusters. The M −T relation is not severely affected, but the baryon fraction observed in low-mass systems is considerably below our theoretical prediction. This results in a lower X-ray luminosity, and it is ultimately responsible for the steepness of the observed L − T relation. On the other hand, the precise strength of cool cores (which cannot form in our simulations) seems to increase the scatter around the average scaling relations.
